Two photon excitation with femtosecond laser pulses in the spectral range of 240 nm − 250nm was used to prepare vapor phase H 2 O and D 2 O in theC 1 B 1 andD 1 A 1 states. Both states are predissociated via theB 1 A 1 state, forming excited OH/OD (A 2 Σ + ) as well as ground state OH/OD (X 2 Π). We used ultrashort infrared probe pulses (1.65 µm to 2.42 µm) to control the ratio between these exited and ground state fragments originating from the dissociation process. Time resolved detection of the OH/OD (A 2 Σ + ) → OH/OD (X 2 Π) fluorescence allows us to monitor the dynamics of the predissociation. For the heterogeneous predissociation out of theC 1 B 1 state life times of (0.5 ± 0.1) ps and (1.2 ± 0.1) ps were found for H 2 O and D 2 O, respectively. The purely homogeneous character of the predissociation out of theD 1 A 1 state was monitored.
I. INTRODUCTION
On the road from ultrafast analysis of photo-induced molecular dynamics to control and manipulation of polyatomic molecular systems [1] water in the gas phase (see e.g. the respective chapter in ref. [2] ) -and potentially even water clusters [3] [4] [5] -provide a particular challenging, important model case. One of the most difficult tasks for ultrafast gas phase experiments with water is the preparation of sufficiently tuneable and intense femtosecond light pulses in the VUV in order to access the electronically excited states without too much confusion from multiphoton processes. In additon, adequate infrared pulses are needed for preexcitation of initial and control of intermediate states.
In this context we have started a series of experiments, starting with a first real time analysis of the rapidly dissociatingÃ 1 B 1 state of the water molecule using sub 150 nm pulses of some 100 fs pulse duration [6, 7] and impulsive Raman type preparation of excited vibrational states with sub 10 fs infrared pulses. In the present paper we use two photon excitation with 248 nm fs pump pulses to study the predissociation of theC 1 B 1 andD( 1 A 1 ) Rydberg states and apply fs infrared probe pulses to modify the excited state population. Molecular water, transparent in the visible to ultraviolet spectral range, shows strong photoabsorption in the vacuum ultraviolet (VUV) between 200 nm (6.2 eV) and 100 nm (12.4 eV) [8] [9] [10] . The VUV absorption spectrum of the isolated water molecule is illustrated in Figure 1 . It consists of two smooth absorption continua below 10 eV and a progression of structured bands at energies above 10 eV.
Excitation into the first absorption continuum, centered at 167 nm (7.4 [11, 12] , illustrating schematically the present pump-probe experiments on theC state. The excited state is populated by two-photon excitation at a wavelength of 248 nm and depopulated by infrared pulses between 1.65 µm and 2.4 µm. Right: Schematic potential energy diagram of the H 2 O system with respect to the H-OH coordinate adapted from [13] . Indicated is the predissociation channel H+OH(A) and fluorescence detection from OH(A). spondingÃ 1 B 1 state therefore is considered to be one of the rare examples for a direct photodissociation process [2, 14] . The second continuum is centered at 128 nm (9.7 eV) and 127 nm for H 2 O and D 2 O, respectively and is assigned to theB 1 A 1 state. At energies above 9.13 eV for H 2 O (9.25 eV for D 2 O) the direct dissociation is adiabatically correlated to OH/OD(A 2 Σ + ) + H/D(1 2 S) with a yield of up to 15% [8, 10, 15, 16] . The electronically exited OH/OD(A 2 Σ + ) offers a convenient way to efficiently detect the photofragmentation process by fluorescence.
The short wavelength side of this continuum overlaps with stong, structured absorption bands which can be as-signed to a transition of an electron from the non bonding 1b 1 orbital to the 3p orbital of a bound Rydberg state [17, 18] . The first discrete structure around 124 nm (10.0 eV), associated with the transition to theC 1 B 1 state, has been studied extensively in multi-photon ionization experiments [13, [19] [20] [21] [22] as well as by high resolution fluorescence detection [11, 20, [23] [24] [25] [9, 18] can explain this feature. It leads to a fast homogeneous, purely electronic predissociation.
At still shorter wavelengths, in the spectral region up to 113 nm (11.0 eV) several discrete bands with a rotational structure similar to that forC 1 B 1 excitation have been assigned either to vibrational overtones of this state [26] or to a further 1b 1 → 3d Rydberg complex showing a similar predissociative behavior [22, 27] . The spectral position of these bands strongly depends on the isotope, they are located at energies around 10.4 eV, 10.6 eV and 10.8 eV for H 2 O (10.3 eV, 10.45 eV, 10.6 eV, 10.75 eV and 10.9 eV for D 2 O) (for spectral plots see e.g. [28] ).
In earlier work two photon excitation of Rydberg states in H 2 O and D 2 O has focused on the kinetics of photodissociation and spectroscopic information typically using ns light pulses from tunable KrF excimer lasers or ultraviolet optical parametric oscillators (see e.g. [11, 20, 25, 29] ). Ionization, spontaneous emission, as well as laser induced fluorescence making use of the OH(A 2 Σ + → OH(X 2 Π) transition has been utilized to study the predissociaton process. The potential energy scheme shown on the right in Figure 1 illustrates the processes to be discussed: while dissociation of the water molecule through theÃ-state exclusively leads to OH (X 2 Π) in the electronic ground state, for dissociation of theB-state one channel adiabatically correlates to electronically excited OH (A 2 Σ + ) which can be detected by spontaneous emission. Excitation to theCandD-states involves an electronic transition to theBstate and prior to dissociation.
In the present work we report the first time resolved pump-probe studies on Rydberg states of the water molecule. The excitation and detection scheme used in the present work is described by as follows (E int = internal energy):
pref erent.
− −−−−−− → OH(X) + H (2)
We use femtosecond ultraviolet pulses in the range from at 244 nm to 248 nm to excite the system in a two-photon scheme. The OH (A 2 Σ + ) fluorescence at 308 nm monitors the predissociation of H 2 O and D 2 O initially excited to the states. The probe pulse in our case is in the infrared wavelength range from 1.65 µm to 2.42 µm. It further excites or deexcites the initially populatedC-and D-states, hence reducing the OH(A 2 Σ + ) channel. The transient signal observed is a decrease of OH (A 2 Σ + ) fluorescence which reflects the ultrafast predissociation dynamics in theC-andD-Rydberg states.
II. EXPERIMENTAL SETUP
The experiments are carried out in a fluorescence cell with a constant laminar flow of H 2 O and D 2 O vapor at room temperature 295 K. A capacitance pressure transducer (Baratron, MKS Instruments) is used to measure the pressure in the cell. To avoid fluorescence quenching it does not exceed 0.3 mbar. The fluorescence cell is equipped with quartz windows transmitting the short wavelengths used in the experiments.
The laser source is a Ti:sapphire chirped pulse amplification laser system (TSUNAMI and SPITFIRE, Spectra Physics) which provides pulses at a central wavelength of 800 nm with a pulse duration of 45 fs at a repetition rate of 1 kHz. The output of the system is split into different beams by a combination of dielectric mirrors so that synchronized pulses with pulse energies of 0.5 mJ are generated. Two of these are used as pump beams for two travelling wave optical parametric amplifiers (OPA) based on BBO (TOPAS 4/800/f, Light Conversion).
The first TOPAS system generates idler pulses between 1.65 µm and 2.42 µm. The pulse energy is about 70 µJ over a wide spectral range. At longer wavelengths the pulse energy drops down to 30 µJ due to the reduced transmission of the BBO crystal. The other wavelengths generated in the conversion process are cut off by dielectric mirrors. Hereafter the laser beam is collimated by a MgF 2 lens. Transmission through the experimental setup leads to a rise of the IR pulse duration from 80 fs to about 200 fs. The second TOPAS system provides pulses in a wavelength range from 480 nm to 530 nm at energies of 50 µJ and pulse durations around 60 fs. This radiation is frequency doubled in a BBO crystal of 100 µm thickness (type I, θ = 65
• ) leading to energies around 7 µJ and pulse durations around 80 fs. A computer driven optical delay line in the pathway is used to control the delay time between the pump pulses at 240 nm to 265 nm and the probe pulses at 1.65 µm to 2.42 µm.
Both laser beams are overlapped collinearly by a dielectric mirror which is highly reflective around 260 nm and transparent in the infrared wavelength region. A MgF 2 lens (f = 140 mm at the ultraviolet wavelengths) focusses the beams into the fluorescence cell in front of the entrance window of a photomultiplier tube (Pmt 9893Q/350B, Electron Tubes) mounted perpendicularly to the laser beams. The latter is equipped with an interference filter blocking the laser radiation and transmitting the OH/OD (A 2 Σ + ) → OH/OD (X 2 Π) fluorescence at 308 nm. Signals are detected with the help of a lock-in amplifier (DPS 7265, EG&G) and further processed by a personal computer.
III. EXPERIMENTAL RESULTS
The experiments are carried out with excitation wavelengths near 248 nm and 244 nm, corresponding to a two photon excitation of the vibrational ground statesC(000) andD(000), the one-photon excitation wavelengths for H 2 O being 123.8 nm, 122.0 nm, respectively, while for D 2 O 123.8 nm and 121.9 nm are reported [11] . With a (nearly Fourier limited) spectral width of our pulses ∆λ(FWHM) = 0.7 nm, the spectral adjustment is uncritical. The OPA wavelength and the angle of the frequency doubling crystal are tuned so that the OH ( molecules with the exciting laser field, excitation can be described by optical Bloch equations [30] modified by a single exponential decay of the excited molecular state [31] . The fitting procedure used to model the experimental data the Bloch and rate equations are solved numerically and are then convoluted with the time dependence of the probe pulse intensity. As laser pulse durations of exciting laser pulses and depopulating probe pulse are known, we can determine the decay time of excited state, which is reflected by the recovery time of the of the OH (
The fitting procedure leads to a life time of the exited C state of (0.5 ± 0.1)ps at H 2 O (thin lines). Transients also exhibit a very fast component, which corresponds to the cross correlation between the pump pulses and the infrared probe pulse. Furthermore the fluorescence signal does not reach completely its primary height even at large delay times. We attribute this to either ionization of OH (A 2 Σ + ) state by the probe pulse or to Raman type processes which both reduce the excited state population and lead to a loss in the fluorescence signal. Both of these contributions are indicated by dotted lines. The superposition of all contributions is given by the heavy lines which fit the observed signals remarkably well. In all pump-probe experiments performed on theDstate the signal decays without delay and we observe no contribution of a non-resonant cross correlation term. The signals recover much faster than afterC-state excitation on a time scale between 50 fs and 100 fs (thin line). As our time resolution lies within this range we can only concluded that predissociation of theD-state occurs on this or even faster time scale. Together with a long living contribution (dotted line), which is less pronounced than at theC state, the transient signals can be fitted in a sufficient way (heavy line).
IV. DISCUSSION
To consider the effect of the infrared laser photons after resonant two-photon excitation to theC 1 B 1 state, two possible pathways have to be taken into account. On the one hand a further excitation to an energetically higher state is possible. This is indicated in the spectrum in figure 1(left) by the short arrows pointing up. On the other hand, a stimulated transition to theB 1 A 1 state might occur as illustrated in figure 1 by the short arrows pointing down.
The absorption spectrum of molecular water in the energetic region between 10.2 eV and 11.0 eV is characterized by two key observations: 1.) a regular progression of sharp bands is detected that is attributed to vibrational overtones of theC-andD-states [26] and to further Rydberg states [27] ; 2.) this progression shows a distinct isotope effect with spacings of 0.2 eV and 0.15 eV for H 2 O and D 2 O, respectively. Since absorption of our infrared laser pulses would lead to total excitation energies from 10.51 eV to 10.75 eV in that very energy range, the corresponding bands would be populated differently at both wavelengths and isotopes. However, as the transients observed for the different infrared pulses show qualitatively as well as quantitatively a similar behavior, this pathway can be ruled out or at least be considered as of minor importance.
For the alternative pathway figure 1 illustrates that a broad (nearly) continuum band is expected for the stimulated transition from theC 1 B 1 state down to theB 1 A 1 state and we expect little wavelength dependence in the infrared range from 1.6 to 2.4 µm used for the deexcitation process. On the other hand, the branching ratio for the formation of electronically excited OH/OD (A 2 Σ + ) and ground state OH/OD (X 2 Π) out of theB 1 A 1 state strongly depends on its vibrational energy [10, 32] . Hence, as illustrated in eq. (1) . Different functional dependencies are discussed. In our present work we report the first direct measurement of the predissociation rate of theC 1 B 1 (000) state with 0.5 ps for H 2 O and 1.2 ps for D 2 O. Since our measurement was performed at room temperature with an average value of K 2 a > 0 the shorter times are expected. What appears remarkable is our observation of a single exponential decay which provided a very good fit to the data. We also note that the presently observed isotope effect gives a ratio of 1.2 ps/0.5 ps = 2.4 : 1 for the predissociation rates of theC 1 B 1 state in H 2 O and D 2 O, respectively. This ratio was estimated by Ashfold et al. [22] using a Fermi golden rule expression for the nonradiativeC 1 B 1 →B 1 A 1 transition probability. Within the Born-Oppenheimer approximation and a reasonable estimate of the final state density they predict a ratio for any given K a to be 2.2 : 1. This value agrees well with the present one derived from direct real time detection of the predissociation process.
Finally, we remark that the predissociationD 1 A 1 → B 1 A 1 is of purely electronic nature and therefore shows no isotope effect within our limits of resolution as can be seen in figure 3 . Together with the short lifetimes observed for all probe wavelengths this observation confirms the assumption of a homogeneous predissociation process.
V. CONCLUSION
The predissociation dynamics of H 2 O and D 2 O from theC 1 B 1 state andD 1 A 1 state has been analyzed on the ultrafast time scale. Two photon excitation between 240 nm and 250 nm was used to excite the origin bands. Infrared pulses (1.65 µm to 2.42 µm) were applied to control the dissociation into alternative product channels, leading to OH/OD (A 2 Σ + ) in the excited state or OH/OD (X 2 Π) in the ground state. By detecting the OH/OD (A 2 Σ + ) → OH/OD (X 2 Π) fluorescence a life time of (0.5 ± 0.1)ps at H 2 O and (1.2 ± 0.1) ps at D 2 O for the exitedC 1 B 1 state can be specified and the purely electronic nature of the predissociation out of theD 1 A 1 state can be illustrated. The experiment also illustrates that Rydberg states of the water molecule can be populated efficiently and selectively with fs VUV pulses and their population may be manipulated with fs IR pulses, hence paving the way to controlling excited state dynamics on a femtosecond time scale in molecular water.
